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Abstract 

We show that the assumption of dropping meson masses together with conventional many-body 
effects, implemented in the relativistic Dirac-Brueckner formalism, explains nuclear saturation. We 
use a microscopic model for correlated 27r exchange and include the standard many-body effects 
on the in-medium pion propagation, which initially increase the attractive nucleon-nucleon {NN) 
potential with density. For the vector meson exchanges in both the tttt and NN sector, we assume 
Brown-Rho scaling which—in concert with ‘chiral’ tttt contact interactions—reduces the attraction 
at higher densities. 
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The description of the ground state properties of 
nuclear matter in terms of an underlying microscopic 
nucleon-nucleon {NN) interaction has been one of the 
major challenges in modern nuclear physics (for a review 
see, e.g., Q). Nonrelativistic many-body approaches, 
such as Brueckner-Hartree-Fock (BHF), resulted in the 
famous Coester band |^, which does not meet the em¬ 
pirical saturation point. However, including the effec¬ 
tive in-medium nucleon mass in the relativistic Dirac 
structure of the nucleon, as done in the so-called Dirac- 
BHF (DBHF) approach ||^,^, generates additional sat¬ 
uration, resolving the aforementioned discrepancy. In 
these frameworks, the mesonic degrees of freedom are 
usually ‘frozen’; i.e., no medium effects are applied to 
mesons. This is a natural, but unjustihed, simplification. 

In the next simplest scenario, in analogy to the in¬ 
medium nucleon mass (or by arguments based on scale 
invariance jj]), one would assume that also the masses of 
the exchanged mesons (except for the pion, which is pro¬ 
tected by its Goldstone nature) depend on the nuclear 
density. However, if the meson masses decrease at the 
same rate, saturation cannot be reached at the empiri¬ 
cal density, since the enhanced attraction in the effective 
cr(550) exchange overwhelms the corresponding increase 
in repulsion due to w(782) exchange Hi- 

More microscopically, the a(550) is understood as a 
correlated pair of pions in a relative s-wave (the strong 
attraction in the s-wave tttt interaction being chiefly due 
to t-channel p exchange). Therefore, as a consequence of 
the well established p-wave pion polarization in nuclear 
matter due to A-hole and nucleon-hole excitations, the 
spectral distribution of the ‘effective’ a meson undergoes 
an appreciable reshaping: the softening of the in-medium 
pion dispersion relation leads to a considerable shift of 
strength to lower energies |^,D . This, in turn, affects the 
NN interaction in the nuclear environment, causing a 
marked increase in attraction. Qualitatively, this effect 
is comparable to that of a reduced ‘ct( 550)’ mass in the 
one boson exchange picture of the NN potential. How¬ 
ever, additionally accounting for a density dependence in 
a chirally symmetric tttt interaction will slow down the 
increase of attraction, particularly at densities above po, 
thus improving saturation. 

In this note we will show that a unihed treatment of 
‘conventional’ many-body effects coupled with the as¬ 
sumption of decreasing meson masses, implemented in 
a DBHF framework, does indeed lead to reasonable sat¬ 
uration properties of nuclear matter. 

First let us briefly review our model for the corre¬ 
lated two-pion exchange in the nucleon-nucleon poten¬ 
tial We employ a chirally improved version ||] 

of an earlier meson exchange model for the free 
TTTT interaction. Its dominant contribution at low ener¬ 
gies stems from t-channel exchange of p mesons which, 
in the scalar-isoscalar (‘cr’) channel, provides sufficient 
attraction to form the broad resonance-like structure 


around i?,n. 7 r—500 MeV. However the inclusion of tttt con¬ 
tact interactions, dictated by chiral symmetry and 
repulsive in nature, turned out to be crucial in avoid¬ 
ing unrealistic tttt bound states in the nuclear environ¬ 
ment |8|j^ while still enabling a satisfactory description 
of the free tttt scattering data [p|jl4[ . The tttt interaction 
is then used to calculate a scattering amplitude for the 
NN ^ TTTT —> AIV reaction 00. Schematically, 

= ri GI^tb + r* GI^tb 

= + , ( 1 ) 

where tb denotes the transition Born amplitudes for 
NN ^ TiTT (consisting of nucleon and A exchange) and 
Ctt-tt the TTTT Scattering amplitude and 27r propaga¬ 
tor, respectively. In the so-called pseudophysical region 
(j.e., for energies -s/C well below the nucleon-antinucleon 
threshold), it is sufficient to consider tttt/ AT A" intermedi¬ 
ate states (contained in our model for Again, the 

full transition amplitudes, 

T — Tb T Tb , (2) 

are in good agreement with quasiempirical information 
obtained by Hohler et al. |0. Finally, the I=J=0 NN 
amplitude is related via a dispersion relation to the cor¬ 
related 2tt exchange potential in the NN channel as 

J (3) 

4m2 

(4) 

where t = {k' — fc)^ = is the 4-momentum transfer 
between the two nucleons. For practical purposes, we 
extract a coordinate space potential by taking the qua¬ 
sistatic limit, k" ~ —k", and Fourier transforming 

tc 

T^27T,COTr / N ^ /* (4-f\ ^ 

^NN (n =-/ dt r]oo{t) - . (5) 

TT J r 

4ml 

Let us now turn to the medium modihcations. In order 
to preserve the analogy with the one boson exchange pic¬ 
ture of the NN interaction, we regard the correlated 27r 
contribution as an ‘effective cr’. That means that we re¬ 
strict the effects of the nuclear environment in Eq. ( 0 ) to 
the TTTT amplitude The latter is obtained by solving 

a Lippmann-Schwinger-type equation 

“1“ ^TTTT , (6) 

where medium effects are induced in both G,r 7 r (through 
a change in the pion dispersion relation) and in the tttt 
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interaction kernel As has been shown in Ref. 
the restriction to medium effects in yields NN po¬ 
tentials which will not be compatible with nuclear satu¬ 
ration. However, as was conjectured in Ref. 0 , the in¬ 
clusion of density-dependent meson masses and coupling 
constants in the tttt interaction kernel might provide a 
remedy to this problem. Here we work at mean field 
level, changing only f* and masses according to 

^p) = il-C p/po) = ^ = — = ^ etc., (7) 
Jtt m A 

with the scaling factor taken to be C = 0.15 (which is 
in line with QCD sum rule analyses [T^, and has be¬ 
come known as Brown-Rho (BR) scaling M). Explicitly, 
the following quantities in the tttt interaction kernel are 
subject to this medium dependence (indicated by an as¬ 
terisk): 

(i) the mass m* and formfactor cutoff A* of the t- 
channel p exchange; 

(ii) the pion decay constant f* and m*, both entering 
the TTTT contact interactions. 

Since the KSFR relation is supposed to remain valid in 
the medium, 

, ( 8 ) 

the pTTTT coupling constant is not affected. The same 
holds for masses and cutoffs related to the pion due to its 
Goldstone boson nature. For consistency, corresponding 
modifications are also applied in the single-pion self en¬ 
ergy, S,r, which is responsible for the many-body effects 
in the (uncorrelated) 2tt propagator It is calcu¬ 

lated in terms of standard p-wave particle-hole {NN~^ 
and AA^“^) excitations [ p^ : 

S^(w, k) = -zl x(^, k) ■ (9) 

The pion susceptibility, x, contains short-range correla¬ 
tion effects between particle and hole parametrized by 
Migdal parameters g'. Since the dynamical origin of the 
latter is partly due to vector meson exchange we employ 
a density dependent form 

(sU)* = 0.65 + C p/po 

{g'NAr = (Qaa)* = 0.35 + C p/po , (10) 

which is somewhat weaker than that suggested in 
Ref. [|^, where it was erroneously assumed that the 
anomalous pNN coupling through kv should be en¬ 
hanced by the factor in fact one can show 

from the equations of motion that only the convection 
current contribution should be. We also use effective 
masses for nucleons and deltas: 

m% = mAr(l - C p/po) 

= rriA - (toat - mlj) . ( 11 ) 


The factor in Eq. (i accounts for effects of ttN s-wave 
interactions |[l8|| which, in a scattering length approxima¬ 
tion, is estimated to be 

= (1-f 47rAp)“^/^ (12) 

with A~0.11 fm^. 



r[fm] 


FIG. 1. In-medium central NN potential, Eq. (5), supple¬ 
mented by ui exchange (using m^jjmui = 'l'(p)) for various nu¬ 
clear matter densities. The solid lines are our microscopic re¬ 
sults from in-medium correlated 27r exchange and the dashed 
lines correspond to a fit with two zero-width sigma mesons 
with the parameters given in Table I. The densities are 0, 
0.5po, po, 1.5po , and 2po from top to bottom at the right 
side of the graph. 

The resulting in-medium central NN potential, 
Eq. i), supplemented with zero-width a;(782) exchange 
(using m’^lm.ui = $(p)), is shown in Fig. 1. At low den¬ 
sities the increase in attraction in dominates 

since both the softening of the pion dispersion relation 
and the enhanced attraction due to t-channel p exchange 
with reduced mass result in a marked shift of spectral 
strength of the ‘cr’ {i.e. in r]oo{t')) to lower energies. 
However, at higher densities this tendency becomes more 
and more suppressed: on the one hand, both the increas¬ 
ing g' and z^ decelerate the pion softening, and on the 
other hand the contact interactions in the tttt kernel IA-tt, 
being proportional to (/*)“^, balance the increase in at¬ 
traction in p exchange. As a result, the attraction from 
increases less rapidly than the repulsion in 
lo a reduced a;(782) mass). That means 
that at low densities our microscopically calculated 27r 
exchange potential behaves approximately like a scalar 
meson, with mass decreasing at the same rate as for the 
Lo. Approaching po, the contact terms dictated by chiral 
symmetry slow the decrease of the effective cr mass, thus 
enabling saturation. 

To investigate the quantitative impact on nuclear mat¬ 
ter properties, we apply the in-medium 27r-exchange 
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TABLE I. Density-dependent parametrization of the cor¬ 
related in-medium 2n exchange in terms of two zero-width 
sigma bosons (Ao- = 3 GeV in all cases). 


density (po) 

mo-i (MeV) 

ffai/lTT 

mo -2 (AfeV) 

5^2 /dTT 

0 

640 

4.36 

377 

0.640 

0.5 

538 

3.405 

295 

0.450 

0.75 

471 

2.875 

249 

0.309 

1.0 

427 

2.53 

220 

0.264 

1.25 

395 

2.35 

200 

0.234 

1.5 

365 

2.17 

190 

0.212 

2.0 

315 

1.765 

181 

0.162 


model in a relativistic DBHF calculation. For this pur¬ 
pose, we start from the Bonn-B potential which is a 
one-boson-exchange potential (OBEP) that includes the 
TT, 77 , p(770), ^(782), and ao(980) mesons as well as a zero- 
width (t( 550) boson and describes free-space NN scatter¬ 
ing accurately up to pion-production threshold. In this 
OBEP, we replace the zero-width cr by our microscopic 
model of 27r exchange explained above. To make the cal¬ 
culations more tractable, we parametrize p) in 

terms of two sharp scalar mesons with density-dependent 
masses and coupling constants, cf. Table I and dashed 
lines in Fig. 1. As discussed in the literature [^ , ^ , the 
correlated 27r exchange accounts for more than half of the 
intermediate-range attractiont. The remainder is pro¬ 
vided by uncorrelated 27r exchange which we parametrize, 
in our present calculations, in terms of a ‘rest’ cr boson 
with less than half the coupling strength of the full a of 
a typical OBEP. This combination, plus the five mesons 
mentioned above {cf. Table II) reproduces free-space NN 
scattering as well as the original Bonn-B potential. 

This model for the NN interaction is now applied to 
nuclear matter. We use the DBHF approach [Q|3|, scale 
the nucleon mass as well as the meson and cutoff masses 
of p(770) and 07(782) according to Eq. (7), and use the 
density-dependent correlated 27r exchange. Our result for 
the energy per nucleon as a function of density is shown 
in Fig. 2 by the solid curve. The predicted saturation 
energy is -15.1 MeV/nucleon at a density corresponding 
to kp = 1.32 fm“^ (p = 2 fcp/ 37 r^), in good agreement 
with the empirical values. The incompressibility, , is 
356 MeV, which is slightly above the currently favored 


TABLE 11. Meson parameters for the one-boson-exchanges 
involved in the NN model applied in the present work. 




I 

rria (MeV) 


A, (GeV) 

TT 

0 ~ 

1 

138.03 

14.6 

1.2 

n 

0 “ 

0 

548.8 

5 

1.5 

OJ 

1 ~ 

0 

782.6 

20 

1.5 

p 

1 ” 

1 

769 

0.95’ 

1.3 

ao 

0 + 

1 

983 

2.9908 

1.5 

rest-cr 

0 + 

0 

517 

2.8386 

3.0 


* fp/9p = 6.1 



FIG. 2. Energy per nucleon in nuclear matter, E/A, as a 
function of density in terms of the Fermi momentnm kp. The 
solid curve displays our main result which is obtained from a 
DBHF calculation applying BR scaling, Eq. (7), to p and ui 
and using the correlated in-medium 27r exchange explained in 
the text. When the latter is replaced by a zero-width a boson 
which is subjected to BR scaling, then the dashed curve is 
obtained. The box represents the empirical values for nuclear 
matter saturation {E/A = —16 ± 1 MeV, kp = 1.33 ± 0.05 
fm-i). 

range. (Similar results have been obtained with a more 
schematic mean field model p^ ] in which introduction 
of more rapid scaling of the nucleon effective mass, 
m*p;/mn = \Jg\/gA^{p), with loop effects 0 , substan¬ 
tially decreased K//^. We believe that it would do so in 
our case too, but because of greatly increased technical 
complications, we have not yet been able to go to higher 
loop order.) 

Our results may be contrasted with a simpler calcula¬ 
tion in which a conventional OBEP is applied and the cr 
boson (besides p and uj) is subjected to BR scaling. As 
discussed, no saturation can be achieved in this case, as 
clearly revealed by the dashed curve in Fig. 2. 

In summary, we have studied the impact of medium 
modifications in meson exchanges of the NN potential 
on saturation properties of nuclear matter. The two- 
pion exchange contribution has been calculated micro¬ 
scopically with the standard many-body effects on the 
in-medium pion propagation taken into account. For the 
vector meson exchanges in both the tttt and the nucleon- 
nucleon sector we assumed a universal decrease in their 
masses , which has also been applied to the nucleon 
mass in the many-body parts of the calculation. We find 
that in a relativistic DBHF calculation this provides a 
reasonable saturation mechanism, thus improving earlier 
results in which a universal scaling of the exchanged me¬ 
son masses (including the mass of an alleged ‘a meson’) 
could not achieve a stable configuration. The main rea¬ 
son for this difference is the fact that the combination 
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of nuclear many-body effects on the pions and the short- 
range repulsive part of a (broken) chirally symmetric tttt 
interaction suppresses the increase of attraction in the a 
channel at nuclear densities above the empirical satura¬ 
tion value. Thus the chiral constraints on the tttt inter¬ 
action in our model are seen to play a subtle, but 
crucial, role in nuclear matter saturation. Whether the 
mass scaling of the vector mesons, which plays an equally 
important role in the saturation process, can be under¬ 
stood in a similar (microscopic) way to that of the ‘ct’ 
remains a question for further investigation. 
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